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communities,	 in	 many	 others	 their	 influence	 is	 often	 limited	 and	 location	 specific.	
Although	not	yet	conclusive,	Undaria	may	cause	some	ecological	impact,	but	it	does	
not	appear	to	drive	ecosystem	change	in	most	invaded	regions.	Targeted	management	
actions	 have	 also	 had	 minimal	 success.	 Further	 research	 is	 needed	 before	 well-	
considered,	evidence-	based	management	decisions	can	be	made.	However,	if	Undaria 
was	to	become	officially	unmanaged	in	parts	of	its	non-	native	range,	the	presence	of	
a	 highly	 productive,	 habitat	 former	 with	 commercial	 value	 and	 a	 broad	 ecological	
niche,	could	have	significant	economic	and	even	environmental	benefit.	How	science	
and	 policy	 reacts	 to	 the	 continued	 invasion	 of	Undaria	 may	 influence	 how	 similar	
	marine	invasive	species	are	handled	in	the	future.
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1  | INTRODUCTION
Globalization	 is	 causing	 an	ever-	increasing	number	of	 species	 to	be	
accidentally	or	intentionally	introduced	to	areas	outside	of	their		native	
range	 (Perrings,	 Burgiel,	 Lonsdale,	 Mooney,	 &	 Williamson,	 2010).	
Estimates	 include	 over	 50,000	 nonindigenous	 species	 (NIS)	 in	 the	
USA	(Pimentel,	Zuniga,	&	Morrison,	2005)	and	over	11,000	in	Europe	






2011).	 Invasive	 species	 are	 considered	 one	 of	 the	major	 drivers	 of	
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global	 biodiversity	 decline	 (along	with	 changes	 in	 climate,	 land	 and	















marine	NIS	 have	 been	 identified	 in	Australia	 (Hewitt,	 2003),	 150	 in	
New	Zealand	(Cranfield	et	al.,	1998),	90	in	the	UK	(Minchin,	Cook,	&	
Clark,	2013),	and	over	200	 in	San	Francisco	Bay	 (USA)	alone	 (Cohen	
&	Carlton,	1998).	The	major	vector	of	introduction	is	commercial	ship-













accurate	 identification	and	status	of	a	newly	 identified	species	 to	be	
determined,	requiring	a	wide	range	of	genetic,	ecological,	and	biochem-
ical	techniques,	further	delaying	potential	rapid-	response	management.
Identifying	 specific	 characteristics	 that	 predispose	 a	 species	 to	
being	invasive	is	challenging.	Invasive	species	are	generally	considered	
to	have	high	phenotypic	or	genetic	plasticity	and	a	broad	ecological	
niche	 in	 order	 to	 survive	 introduction,	 establishment,	 and	 spread	 in	
a	non-	native	range	(Kolar	&	Lodge,	2001;	Newsome	&	Noble,	1986;	
Williamson	 &	 Fitter,	 1996;	 Zenni,	 Lamy,	 Lamarque,	 &	 Port,	 2014).	
They	are	often	described	to	have	opportunistic	life	histories,	including	
high	fecundity,	growth	rate,	and	recruitment;	however,	there	are	also	
successful	 invasive	 species	with	more	 competitive	 life-	history	 traits	
(Duyck,	 David,	 &	Quilici,	 2007;	Valentine,	Magierowski,	 &	 Johnson,	
2007).	The	probability	of	invasion	increases	with	the	number	of	indi-






Quantifying	 the	ecological	 impacts	of	an	 invasive	species	 is	also	








Invasive	 marine	 macroalgae	 (seaweeds)	 may	 function	 as	 eco-
system	engineers	that	are	able	to	modify	the	environment	and	alter	
recipient	communities	and,	as	such,	have	the	potential	 to	cause	sig-





temperate	kelp	Undaria pinnatifida	 (Figure	1)	 is	one	of	only	two	sea-
weeds	(along	with	Caulerpa taxifolia)	included	in	the	Invasive	Species	
Specialist	Group	 list	 of	 the	 100	most	 invasive	 species	 of	 the	world	
(Lowe,	 Browne,	 Boudjekas,	 &	 De	 Poorter,	 2000).	 Native	 to	 cold-	
temperate	 areas	 of	 the	 northwest	 Pacific	 (the	 coastlines	 of	 Japan,	
Korea,	 Russia,	 and	 China),	 the	 adventive	 kelp	 Undaria pinnatifida 
(Harvey)	Suringar,	1873	 (Phaecophycae,	Laminariales),	or	 “Wakame,”	




four	 continents	 (James,	Kibele,	&	Shears,	 2015).	The	design	of	 effi-
cient	 and	effective	NIS	management	 requires	 a	 clear	understanding	





2.1 | Biology, physiology and native ecology
In	 its	 native	northeast	Asia,	Undaria	 is	 a	winter	 annual	 species	 that	
inhabits	rocky	substrates	from	the	low	intertidal	to	18	m	depth,	and	
is	widespread	 at	 depths	 of	 1–3	m	 (Koh	&	 Shin,	 1990;	 Saito,	 1975;	
Skriptsova,	 Khomenko,	 &	 Isakov,	 2004).	 It	 is	 also	 a	 major	 species	
for	 seaweed	 mariculture	 in	 China,	 Japan,	 and	 Korea	 (Yamanaka	 &	
Akiyama,	 1993),	with	 total	world	 yield	 in	 2013	 exceeding	 2	million	





reproductive	 sporophylls	 (Figure	1).	As	with	 all	 kelps,	Undaria	 has	 a	
heteromorphic	life	cycle,	with	large	macroscopic	diploid	sporophytes	
that	produce	microscopic	 zoospores	 from	 reproductive	 sporophylls.	
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F IGURE  2 Approximate	distribution	of	Undaria pinnatifida.	Global	map:	Green	=	native	range,	red	=	non-	native	range.	Regional	maps:	Each	
point	represents	a	distinct	location	but	does	not	indicate	precise	position	or	entire	extent.	See	Table	S1	for	more	information	and	references
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The	 spores	 develop	 into	 microscopic	 dioecious	 haploid	 gameto-
phytes,	 which,	 on	 maturation,	 produce	 motile	 sperm	 that	 fertilize	
the	sessile	egg	and	a	new	sporophyte	will	start	to	grow	in situ	of	the	
female	gametophyte	 (Dayton,	1985).	Sporophylls	develop	over	sev-
eral	months	and	mature	 sequentially	 from	 the	base	upwards	 (Saito,	
1975;	Schaffelke,	Campbell,	&	Hewitt,	2005).	Zoospores	are	released	



















In	most	 of	 its	 native	 range,	Undaria	 sporophyte	 recruitment	 oc-
curs	 in	 winter,	 becomes	 reproductive	 in	 spring,	 and	 goes	 through	
widespread	senescence	during	summer,	leaving	only	the	microscopic	
gametophyte	 life	stages	which	persist	 through	autumn	 (Koh	&	Shin,	
1990;	Saito,	1975).	Temperature	is	the	key	environmental	factor	which	
determines	 this	 annual	 population	 dynamic	 (Figure	3;	 Saito,	 1975).	
Undaria	 ‘s	 native	 range	 has	 average	 monthly	 sea-	surface	 tempera-
tures	 from	−0.6	to	16.8°C	 in	 the	coldest	months,	and	23–29.5°C	 in	
the	warmest	months	(Dellatorre,	Amoroso,	Saravia,	&	Orensanz,	2014;	
James	&	Shears,	2016b;	Skriptsova	et	al.,	2004;	Watanabe,	Nishihara,	
Tokunaga,	 &	Terada,	 2014).	The	 ability	 to	 tolerate	 this	 large	 annual	
range	 is	due	to	the	survival	of	microscopic	gametophyte	and	sporo-
phyte	stages	which	can	persist	at	temperatures	between	−1	and	30°C	
(Morita,	 Kurashima,	 &	 Maegawa,	 2003a;	 Saito,	 1975).	 Sporophyte	
growth	has	a	slightly	more	restricted	temperature	range	of	0–27°C;	op-
timum	growth	rate	is	site-	specific,	however,	which	tends	to	fall	within	





mature,	 spore	 release	 and	 settlement	 occur	 between	 approximately	
11–25°C	 (James	 &	 Shears,	 2016b;	 Saito,	 1975;	 Skriptsova	 et	al.,	
2004;	 Thornber,	 Kinlnan,	 Graham,	 &	 Stachowicz,	 2004).	 Although	
sporophytes	may	develop	15–20	days	after	spore	settlement,	under	
certain	temperature,	light,	or	competitive	regimes,	gametophytes	may	










ing	 salinity,	 light,	 day	 length,	 nutrients,	 and	wave	exposure.	Undaria 
is	predominantly	found	in	fully	saline	conditions,	with	mean	salinities	
below	27	psu	generally	limiting	its	range	(Floc’h,	Pajot,	&	Wallentinus,	
1991;	 Saito,	 1975;	 Watanabe	 et	al.,	 2014).	 However,	 laboratory-	
based	experiments	have	shown	that	zoospore	attachment	may	occur	
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Although	 seasonal	 and	 site-	specific,	 optimal	 growth	 occurs	 around	
40–120 μmol	m−2	s−1,	light	saturation	point	for	photosynthesis	(Ik)	can	
be	 reached	 around	 100–500	μmol	m−2	s−1,	 while	 the	 light	 compen-
sation	point	(Ic;	when	no	net	photosynthesis	occurs)	may	be	reached	
between	17	and	<5	μmol	m−2	s−1	 (Campbell,	Bite,	&	Burridge,	1999;	
Matsuyama,	 1983;	 Morelissen	 et	al.,	 2013;	 Saito,	 1975;	 Watanabe	
et	al.,	 2014).	 Although	 requiring	 irradiance	 above	 approximately	
3 μmol	m−2	s−1	for	growth	and	maturation	(Saito,	1975),	the	gameto-
phyte	is	able	to	survive	in	complete	darkness,	in	a	latent	phase,	for	at	
least	7	months	 (Kim	&	Nam,	1997);	while	 zoospore	 settlement	may	
not	be	affected	by	light	regime	at	all	(Morelissen	et	al.,	2013).




and	 gametophyte	 stages	 is	 positively	 related	 to	 nutrient	 concentra-
tion	 (Dean	&	Hurd,	2007;	Gao,	Endo,	Taniguchi,	&	Agatsuma,	2013;	
Morelissen	 et	al.,	 2013;	 Pang	 &	 Wu,	 1996).	 Zoospore	 settlement,	
however,	 is	 not	 considered	 to	 be	 influenced	by	 nutrient	 concentra-
tion	and	therefore	any	inhibition	of	recruitment	by	nutrient	limitation	
would	 occur	 at	 the	 gametophyte	 or	 sporophyte	 stage	 (Morelissen	
et	al.,	 2013).	 Increased	 water	 motion	 can	 enhance	 nutrient	 uptake	
in	kelps	 (Gerard,	1982),	which	 is	highlighted	by	 rope-	based	maricul-
ture	of	Undaria	being	more	efficient	in	moderately	exposed	sites	with	













































attachment	 on	 hard	 substrates,	 it	 is	 predominantly	 found	 invading	
rocky	reefs;	however,	it	can	also	be	found	more	rarely	to	invade	sea	
grass	beds	and	mixed	sediment	communities	(Farrell	&	Fletcher,	2006;	
Floc’h	 et	al.,	 1996;	 James,	 Middleton,	 Middleton,	 &	 Shears,	 2014;	
Russell	 et	al.,	 2008).	 In	many	 parts	 of	 its	 non-	native	 range,	Undaria 
populations	have	expanded	and,	under	certain	conditions,	can	make	




















to	which	 it	was	 first	 introduced	 (Floc’h	et	al.,	1991).	 In	New	Zealand,	
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population	 expansion	 seems	 to	 be	 dependent	 on	 the	 area	 in	which	




















and	 references	 therein).	 Using	 both	 in situ	 and	 satellite-	based	 tem-
perature	measures,	 it	was	 estimated	 that	where	maximum	 summer	







et	al.,	 2015).	 In	 Santa	 Barbara	 (California,	 USA)	 where	 average	 sea-	
surface	temperatures	range	from	approximately	12–19°C,	the	presence	






























impact	 (BACI)	study	showed	that	 the	 introduction	of	Undaria	 led	to	
no	 significant	 change	 in	 the	 abundance	of	 native	 kelp	 species	 over	
3	years	(Forrest	&	Taylor,	2002).
In	its	native	Japan	and	Korea,	Undaria	can	act	as	a	pioneer	species	
and	 is	 part	 of	 a	 natural	 successive	 colonization	 process	 (Agatsuma,	
Matsuyama,	 Nakata,	 Kawai,	 &	 Nishikawa,	 1997;	 Kim	 et	al.,	 2016).	
Where	it	has	invaded,	this	pioneer-	like	trait	is	indicated	by	ecosystem	
stress	 or	 disturbance	being	 key	 to	Undaria’s	 recruitment	 into	mixed	





2016;	 Thompson	 &	 Schiel,	 2012;	 Valentine	 &	 Johnson,	 2004).	
Experimental	 clearance	 of	 native	 kelp	 species	 within	 intertidal	 and	
subtidal	environments	 in	Australia	and	New	Zealand	caused	Undaria 
to	recruit	into	manipulated	patches,	while	the	following	year	Undaria 
declined	 and	 the	 native	 seaweeds	 started	 to	 recover	 (Thompson	&	
Schiel,	2012;	Valentine	&	Johnson,	2003).
Comparative	studies	have	shown	that	Undaria	harbors	a	distinct	















edly	 removed	Undaria	 from	 experimental	 patches.	Measurement	 of	
various	faunal	and	floral	community	indicators	showed	no	long-	term	
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The	 distribution,	 ecological	 impact,	 and	 invasion	 dynamics	 of	
Undaria	 seem	 to	 indicate	 that	 it	 is	 predominantly	 acting	 as	 a	 pas-
senger	of	 ecosystem	change	–	 filling	 an	empty	niche	or	benefiting	
from	resource	availability	which	is	temporarily	released	by	ecosystem	
stress	and	having	a	limited	impact	on	recipient	communities	(Bauer,	
2012;	 Didham,	 Tylianakis,	 Hutchison,	 Ewers,	 &	 Gemmell,	 2005;	
MacDougall	&	Turkington,	2005).	There	is,	however,	some	evidence	
that	Undaria	may	 be	 driving	 ecosystem	 change	 in	 certain	 environ-
ments.	 In	 a	 study	 by	Carnell	 and	Keough	 (2014),	Undaria	 required	
native	 canopy	 disturbance	 to	 recruit	 and	 grow	 in	 high	 abundance;	
however,	 under	 nutrient	 enhancement,	 the	 presence	 of	 Undaria 
seemed	to	limit	the	recovery	of	native	canopies.	In	other	examples,	












slowly	monopolize	 space,	 increasing	 in	density	and	excluding	native	
seaweeds.	Due	to	the	long	life	time	of	some	native	species,	significant	
increases	in	the	density	and	distribution	of	Undaria	may	not	be	seen	




It	 has	 been	 suggested	 that	Undaria	 could	 have	 facilitative	 im-
pacts	 within	 certain	 invaded	 communities,	 by	 proving	 trophic	 or	
habitat	 subsidy	 (Cecere,	 Petrocelli,	 &	 Saracino,	 2000;	 Irigoyen,	
Trobbiani,	 Sgarlatta,	 &	 Raffo,	 2011;	 Jimenez	 et	al.,	 2015;	 Suarez-	
Jimenez	 et	al.,	 2017).	 For	 example,	 in	 a	 low	 complexity	 limestone	




function,	 by	 increasing	 benthic	 primary	 production	 and	 providing	
food	and	biogenic	habitat	for	other	organisms	(Cecere	et	al.,	2000).	
Further	research	 is	needed	to	better	elucidate	the	net	 impact	 (i.e.,	
negative	and	facilitative)	of	Undaria	across	a	range	of	invaded	eco-
systems.	To	date,	 the	majority	of	studies	have	been	carried	out	 in	
the	 southwest	Pacific,	yet	 current	 evidence	 suggests	 that	Undaria 








Management	 frameworks	 designed	 to	 control	 the	 abundance	 and	










Eradication	 using	 heat	 treatment	 has	 been	 successful	where	 an	
isolated	 population	 occurred	 on	 a	wrecked	 trawler	 in	 the	 Chatham	
Islands,	 New	 Zealand	 (Wotton,	 O’Brien,	 Stuart,	 &	 Fergus,	 2004).	
Removal	of	all	sporophytes	over	a	15-	month	period	led	to	the	long-	
term	eradication	of	Undaria	from	the	site	and	inhibited	its	spread	to	
natural	 substrates.	 Even	 at	 this	 small	 scale,	 eradication	 cost	 around	
$0.4	million	 (NZD).	 Eradication	 from	 longer	 established	 populations	
in	natural	environments	has	not	yet	been	successful.	A	management	
















2012),	maintaining	 native	 canopies	 alone	 is	 unlikely	 to	 be	 effective	
(Valentine	&	Johnson,	2003).




is	 generally	 accepted	 by	 environmental	 managers,	 with	widespread	
eradication	 of	Undaria	 not	 currently	 being	 considered	 in	 any	 coun-
try	to	which	it	has	been	introduced	(Table	2).	Due	to	the	importance	
of	 artificial	 or	 anthropogenic	 environments	 in	 the	 establishment	 of	
Undaria	 and	 its	 relatively	 low	natural	dispersal	 rates,	 control	of	new	
or	 isolated	 populations	 should	 be	 plausible.	Monitoring	 of	 harbors,	
marinas,	ports,	high-	value	natural	areas	and	natural	boundaries,	with	
rapid-	response	eradication	to	any	new	sightings,	could	greatly	reduce	
wide-	scale	 spread	 of	Undaria,	 and	 therefore,	 the	 ecological	 impacts	
it	may	have	on	natural	habitats	(Forrest,	Gardner,	&	Taylor,	2009).	In	















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































1990s	and	are	 continuing	 to	develop	along	 the	North	coast	 (Perez-	












the	 abundance	 and	 local	 spread	of	Undaria	where	 eradication	 is	 no	
longer	feasible,	would	be	through	the	legalization	of	commercial	wild	






cific	 recruitment,	 and	 increased	 growth	 rate	 of	 the	 remaining	 stock	
(Gao,	Endo,	Taniguchi,	&	Agatsuma,	2014;	Thompson	&	Schiel,	2012).	
However,	removal	before	maturation	could	greatly	reduce	spore	and	







re-	introduction	 is	probable	without	 the	 implementation	of	 thorough	
biosecurity.	The	native	 community	 into	which	Undaria	 is	 introduced	
may	also	strongly	influence	the	decisions	of	environmental	managers.	

















3  | LESSONS LEARNT FOR WIDER MARINE 
INVASION ECOLOGY
3.1 | Predicting invaders and reacting to NIS
Although	 our	 understanding	 of	 marine	 NIS	 has	 greatly	 increased,	
Undaria	is	a	useful	case	study	to	demonstrate	that	current	capacity	to	
predict	the	invasion	dynamics	of	many	marine	NIS,	and	their	interac-
tions	and	 impacts	within	native	communities,	 remains	 limited.	Once	
introduced,	most	NIS	would	not	be	expected	to	establish	or	become	
invasive	 (Lodge,	 1993;	Williamson	 &	 Fitter,	 1996).	Where	 invasion	
does	occur,	the	time	from	initial	 introduction	to	when	a	species	be-
comes	invasive	is	highly	variable.	In	some	cases	this	``lag	time”	may	
last	 decades,	with	 little-	to-	no	proliferation	of	NIS	populations	 for	 a	





































ering	 of	 sessile	 flora	 and	 fauna,	 and	 have	 major	 deleterious	 impact	
on	 wider	 ecosystem	 functioning	 with	 socioeconomic	 consequences	
(Bullard	et	al.,	2007;	Gittenberger,	2007).	The	invasion	of	Undaria high-




regions,	 decisions	will	 have	 to	 be	made	 on	 potential	 rapid-	response	
management	before	site-	specific	impact	studies	can	be	carried	out.
Invasive	 species,	 including	Undaria,	 can	 also	 have	 facilitative	 im-
pacts	on	the	recipient	community	(Dijkstra	et	al.,	2017;	Irigoyen	et	al.,	
2011;	Rodriguez,	2006).	The	invasion	of	bivalve	molluscs	onto	soft	sed-
iments,	such	as	Musculista senhousia	and	Crassostrea gigas,	 is	a	useful	




































macroalgae	 Sargassum muticum	 or	 “Japanese	 wireweed”	 in	 Europe.	


















selves	 the	 cause	 of	 ecosystem	 change	 (MacDougall	 &	 Turkington,	
2005).	A	potential	management	option	for	these	species	is	not	to	di-
rectly	 target	 the	species	 itself,	but	 instead	 to	manage	 the	causes	of	
ecosystem	stress	or	disturbance,	with	 the	ultimate	aim	of	 restoring,	
maintaining	or	even	promoting	the	diversity,	 integrity,	and	biotic	re-





trients	 and	 physical	 disturbances	 from	 resource	 extraction,	 fishing	
activities,	and	coastal	development	may	allow	some	biotic	resistance	
to	be	maintained.	While	designing	and	prioritizing	targeted	manage-
ment	options	 for	 invasive	species	 is	of	significant	 importance,	espe-
cially	for	those	that	are	considered	of	high	risk	or	highly	damaging,	it	
is	also	clear	that	attention	should	be	given	to	preserving	the	integrity,	





As	 marine	 NIS	 continue	 to	 spread	 and	 extend	 their	 non-	native	
ranges,	 decisions	 will	 be	 made	 on	 the	 necessity	 and	 feasibility	 of	






































oped,	 or	 enforced	 to	 reduce	 its	 spread	 (Guy	&	Roberts,	 2010;	NSW,	
1994).	However,	 in	many	parts	 of	 the	USA	and	France,	where	 intro-
ductions	occurred	in	the	1920s	and	1960s,	respectively,	they	are	now	
being	seen	as	part	of	the	natural	biota,	and	are	targeted	by	both	wild	
capture	 fisheries	 and	aquaculture	using	 seeded	bottom	culture	 tech-
niques	 (Buestel,	Ropert,	Prou,	&	Goulletquer,	2009;	Cognie,	Haure,	&	
Barill,	2006;	Feldman,	Armstrong,	Dumbauld,	DeWitt,	&	Doty,	2000).
Although	 somewhat	 contentious,	 in	 certain	 cases	 invasive	 spe-














have	 conservation	 benefit,	 functionally	 replacing	 the	 native	 species,	
providing	habitat,	a	trophic	subsidy	and	 increased	biofiltration,	while	
















2016).	 In	areas	where	 likelihood	of	controlling	Undaria	 is	 low	due	to	
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decisions	can	be	made	on	a	case-	by-	case	basis.	However,	 if	Undaria 
was	to	become	officially	“unmanaged”	in	parts	of	its	non-	native	range	
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